A series of mutant human and yeast copperzinc superoxide dismutases has been prepared, with mutations corresponding to those found in familial amyotrophic lateral sclerosis (ALS; also known as Lou Gehrig's disease). These proteins have been characterized with respect to their metal-binding characteristics and their redox reactivities. Replacement of Zn 2؉ ion in the zinc sites of several of these proteins with either Cu 2؉ or Co 2؉ gave metal-substituted derivatives with spectroscopic properties different from those of the analogous derivative of the wild-type proteins, indicating that the geometries of binding of these metal ions to the zinc site were affected by the mutations. Several of the ALS-associated mutant copper-zinc superoxide dismutases were also found to be reduced by ascorbate at significantly greater rate than the wild-type proteins. We conclude that similar alterations in the properties of the zinc binding site can be caused by mutations scattered throughout the protein structure. This finding may help to explain what is perhaps the most perplexing question in copper-zinc superoxide dismutase-associated familial ALS-i.e., how such a diverse set of mutations can result in the same gain of function that causes the disease.
Mutations in the gene encoding copper-zinc superoxide dismutase (CuZnSOD) have been linked to the neurodegenerative disease amyotrophic lateral sclerosis (ALS; also known as Lou Gehrig's disease) and appear to be causative in approximately 20% of the cases of the inherited form of the disease (familial ALS or fALS) (1, 2) . Most of the mutations are point mutations and are scattered throughout the protein. The pattern of inheritance of CuZnSOD-associated fALS is autosomal dominant; recent evidence from several laboratories supports a gain of function mechanism for this form of the disease (3) (4) (5) (6) (7) (8) . Although CuZnSOD-associated fALS accounts for only 2% of the total cases of ALS, understanding the mechanism by which mutations in CuZnSOD cause ALS should provide valuable clues in the effort to determine the causes of all forms of the disease.
We have constructed, expressed, and purified several ALS human CuZnSOD (hCuZnSOD) mutant proteins (4) and yeast analogs (yCuZnSOD) (9) to characterize their metalbinding characteristics and chemical reactivities. It was hoped that whatever defects the mutations confer on this protein would be manifested in the metal binding behavior. We report herein our observations of dramatically altered metal-binding and redox behavior for several of these ALS mutant CuZn-SOD proteins.
EXPERIMENTAL PROCEDURES
Materials. Wild-type yeast CuZnSOD (yWT) was purchased from Carlbiotech (Copenhagen) as a lyophilized powder (batch no. 8997368, product no. 3007). Purity was confirmed by gel electrophoresis. Reagent grade CuSO 4 , CoSO 4 , and ZnSO 4 were purchased from Baker, Fisher, and Sigma, respectively. Na 2 S 2 O 4 was purchased from Aldrich. L-Ascorbic acid was purchased from Sigma.
DNA Manipulations and Protein Expression. Mutations in yeast CuZnSOD were constructed via modified Kunkel sitedirected mutagenesis on the pBSIIKS(Ϫ)-SOD0.5 plasmid (10) . Mutagenic oligonucleotides were synthesized on a Pharmacia LKB Gene Assembler Plus. The mutant genes were subcloned into pET-3d plasmid between NcoI and BamHI sites for expression in BL21 Escherichia coli. Expression and purification of the recombinant yWT protein and the mutants (yG85R, yL106V, yH46R, yH63E, and yH63A) were carried out according to published procedures (9) .
Human CuZnSOD mutants were prepared by the overlap extension PCR technique using the human SOD gene cloned into the yeast expression plasmid, YEP351, as a template (11) . Human wild-type (hWT), hH46R, hA4V, hG37R, and hG93A were expressed in EG118 Saccharomyces cerevisiae, which lacks endogenous CuZnSOD, and purified via published procedures (4) .
Preparation of Metal-Free and Metal-Substituted Derivatives. Apoproteins were prepared by published procedures (9, 12) . Protein concentration was determined by UV absorption with an extinction coefficient of 2900 M Ϫ1 ⅐cm Ϫ1 at 278 nm for the yeast apoprotein subunit and 5400 M Ϫ1 ⅐cm Ϫ1 at 280 nm for the human apoprotein subunit. Cu 2ϩ and Co 2ϩ were added to the protein as aqueous CuSO 4 and CoSO 4 . Solutions of apoprotein, 200 l, usually of a concentration between 0.3 and 0.4 mM per subunit, were titrated with 10 or 25 mM solutions of the appropriate metal sulfate salt until an end point was reached in the visible spectrum. In the case of CuCoSOD, Co 2ϩ was added before copper. Solutions were allowed to stand for at least 1 h after the addition of Cu 2ϩ before further studies were carried out. For the recombinant WT proteins, a period of 2 days at 4ЊC was necessary for the cobaltreconstituted proteins to reach equilibrium. All titrations were carried out in 100 mM acetate buffer at pH 5.5.
Reduction. Reduction of active site Cu 2ϩ to Cu ϩ in solutions of WT or mutant CuZnSOD or their metal substituted derivatives was carried out by addition of either a single crystal of solid sodium dithionite or aqueous L-ascorbic acid, as indi-
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cated in the text. Disappearance of the characteristic visible absorption peak due to d-d transitions of Cu 2ϩ in Cu II ZnSOD (680 nm for the WT enzymes) was used to monitor the rate of reduction in the presence of ascorbate, using 100 M enzyme and 3 mM ascorbate.
pH Experiments. The pH of solutions was altered from the initial pH of 5.5 by the addition of 100-500 mM NaOH in 1-l increments. The pH was measured using an Orion Research Microprocessor Ionalyzer͞901 (Boston, MA) with an Ingold microelectrode (Wilmington, MA).
Spectroscopy. Visible͞UV spectra from 900 nm to 240 nm were determined using a Cary 3 UV͞Vis spectrometer (Varian; Sunnyvale, CA). Samples were centrifuged for 1 min before spectra were taken. EPR spectra were obtained with a Bruker ER200d-SRC X-band EPR spectrometer (Billerica, MA) equipped with a ER43MRD microwave bridge, an ER4111VT variable temperature unit, and a EIP 548 microwave frequency counter. Typical instrument parameters for 90 K spectra are as follows: field center, 3000 G; sweep width, 1600 G; frequency, 9.54 GHz; modulation amplitude, 5.0 G; power, 20.7 mW; time constant, 640 ms; receiver gain, 5.0 ϫ 10 5 ; sweep time, 200 s.
RESULTS
Copper Binding. Metal ion substitution in WT CuZnSOD proteins is a useful tool to measure the metal binding affinities and to probe the geometries of their metal binding sites. In particular either Co 2ϩ or Cu 2ϩ substituted for Zn 2ϩ provide excellent indicators of the nature of the native zinc site (12) (13) (14) . We therefore carried out similar metal ion substitution experiments on the ALS mutant CuZnSOD proteins.
Apo yWT or hWT binds two equivalents of Cu 2ϩ per subunit to give Cu II Cu II SOD at pH 5.5 (15) . Numerous spectroscopic studies have led to the conclusion that Cu 2ϩ binds first to the native copper sites of the apoprotein, resulting in the appearance of a broad band in the visible spectrum at 670 nm (Fig.  1A , spectrum b). After the native copper sites are full, Cu 2ϩ then binds to the native zinc sites, resulting in the appearance of an additional broad band, partially overlapping the first, with a maximum at 810 nm (see Fig. 1 A, spectrum c) (12) . These observations are consistent with the Cu 2ϩ ion adopting a distorted tetragonal geometry in the native copper sites, similar to that observed for copper in x-ray crystal structures of Cu II ZnSOD (16, 17) , and a distorted tetrahedral geometry when bound in the native zinc sites (18) .
Our first indication of abnormal metal ion binding behavior in ALS mutants appeared upon titration of several ALS mutant SOD apoproteins with Cu 2ϩ (9) . Addition of Cu 2ϩ to apoproteins derived from the human proteins hG93A, hG37R, and hA4V and the yeast proteins yG85R, yL106V, and yH46R demonstrated binding of Cu 2ϩ to the apoprotein with an endpoint at two equivalents per subunit. The visible spectra obtained during the addition of the first equivalent were similar to those observed for titrations of the WT apoproteins, i.e., a broad band developed with max Х 680-700 nm. However, upon binding of a second equivalent additional absorption was seen around 700 nm rather than at 810 nm, which is characteristic of Cu 2ϩ in the zinc site of WT. Titration of the apoprotein from hG93A with Cu 2ϩ , shown in Fig. 1B , should be compared with the results from a similar titration of the apoprotein from hWT in Fig. 1 A. All the aforementioned mutants yielded similar abnormalities. We conclude that these ALS mutant proteins retain their ability to bind two equivalents of Cu 2ϩ per subunit but that the geometry of Cu 2ϩ bound to the native zinc site of the mutant proteins is different from that found in the Cu II , while those for tetrahedral complexes of the same ion are 10-to 20-fold higher; the extinction coefficients for five-coordinate Co 2ϩ fall between these two extremes. Moreover, the absorption bands due to Co 2ϩ frequently show considerable fine structure which changes as the identities of the individual ligands are varied (19, 26) .
One equivalent per subunit of Co 2ϩ was added to apo yWT to produce yWT ECoSOD (E, empty; i.e., the copper site is empty). The resulting visible spectrum shows a broad absorption band consisting of three overlapping components [535 (sh), 567, and 585 nm; Fig. 1C, spectrum d] . The extinction coefficient for the 585-nm absorption maximum was approximately 450 M Ϫ1 ⅐cm Ϫ1 , consistent with a tetrahedral geometry for the bound Co 2ϩ ion.
Addition of one equivalent per subunit of Cu 2ϩ to yWT ECoSOD resulted in the appearance of the characteristic band at 670 nm due to Cu II in the copper site of Cu II CoSOD (Fig.  1C, spectrum e) . This new copper band was superimposed on the bands due to Co 2ϩ in the zinc site, which decreased slightly in intensity and shifted to lower energy. This red shift of the d-d bands of Co 2ϩ has been attributed to the fact that the imidazole side chain of His63 (numbered as in the human and yeast proteins) binds to Co 2ϩ as imidazole in the case of ECoSOD but is deprotonated to form the imidazolate bridge between Cu 2ϩ and Co 2ϩ in Cu II CoSOD (27) . Similar red shifts upon anion binding are characteristic of Co II (His) 3 centers and have been seen for cobalt-substituted carbonic anhydrase and cobalt-substituted hemocyanin (28, 29) .
Although the details of the spectral changes differed from mutant to mutant, none of the mutants tested herein were identical to WT SOD with respect to substitution of Zn 2ϩ with Co 2ϩ . For example, addition of Co 2ϩ to apo yG85R gave a relatively low intensity peak ( ϭ 160 M Ϫ1 ⅐cm Ϫ1 ) at 550 nm with little fine structure apparent (compare Fig. 1 D, spectrum d, with C, spectrum d) (9) . The intermediate extinction coefficient of this band indicates that Co 2ϩ is bound in a different geometry than in WT ECoSOD and suggests that it is five-coordinate. Such a geometry could result from binding of the Co 2ϩ ion to either the copper or the zinc site, possibly with additional ligands provided by water or buffer ions.
Addition of one equivalent per subunit of Cu 2ϩ to yG85R ECoSOD gave results dramatically different from those observed for the WT protein (compare Fig. 1 D , spectrum e, with C, spectrum e) (9) . The resulting visible spectrum contained no apparent visible absorption bands attributable to Co 2ϩ , suggesting that Co 2ϩ had been released from the protein to form Co(H 2 O) 6 2ϩ or remained bound to the protein but adopted an octahedral rather than tetrahedral geometry. In either case, the intensity of the d-d bands in the spectrum would be too low to detect. In some other cases, the d-d bands of the Cu II CoSOD derivatives were detectable but inequivalent to those found in the WT Cu II CoSOD proteins. For hG93A the intensity of Co II absorption is 586 nm ϭ 160 M Ϫ1 ⅐cm Ϫ1 , indicating possible five-coordination at the site; for hG37R that same Co II band has an extinction coefficient of 370 M Ϫ1 ⅐cm Ϫ1 , which is normal except that this mutant only binds one Co 2ϩ per dimer.
EPR spectroscopy also revealed marked differences between the metal binding properties of yWT and yG85R. In the case of yWT Cu II CoSOD, the Cu II EPR signal intensity was substantially weaker than that expected for the total concentration of Cu 2ϩ in the sample. The signal reduction results from the interaction of the Cu 2ϩ and Co 2ϩ centers across the imidazolate bridge (Fig. 2, spectrum a) . The observed signal is due to a small amount of residual uncoupled Cu II (13, 30) . By contrast, the EPR spectrum of yG85R Cu II CoSOD was typical of a mononuclear copper protein, with no evidence of perturbation of the Cu II center by the Co 2ϩ ion, indicating that the Cu 2ϩ -imidazolate-Co 2ϩ configuration was not present (see Fig. 2, spectrum b) . This result is thus consistent with our conclusion based on the visible spectral results that Co 2ϩ had either been released from the protein to form Co(H 2 O) 6 2ϩ or remained bound to the protein but in a highly altered geometry.
As described above, the spectroscopic differences between yWT and the ALS mutant yG85R Cu II CoSOD were particularly dramatic. Much to our surprise, these differences vanished upon reduction of the copper centers from Cu II to Cu I . In the case of the WT proteins, reduction of the Cu II Co protein derivatives causes the imidazolate bridge to break and become protonated; the resulting Cu I Co form has cobalt d-d bands identical to those of WT ECoSOD (compare Fig. 1C , spectra d and f). In the case of yG85R, reduction of the Cu II to Cu I resulted in the appearance of high-intensity Co 2ϩ d-d bands (see Fig. 1D , spectrum f), indicating that the geometry of the Co II center had been radically altered from octahedral to tetrahedral and suggesting that the structure is similar to that found for the Cu I Co derivatives of the WT proteins. Additionally, in the case of hH46R, the visible spectral bands due to Co 2ϩ were not seen when one equivalent per subunit each of Cu 2ϩ and Co 2ϩ were present, but upon reduction of the Cu 2ϩ to Cu ϩ high-intensity d-d bands characteristic of tetrahedral Co 2ϩ appeared (Fig. 1E, spectra e and f) .
The studies of CuCo G85R described above suggested that the availability of His-63 as a ligand played an essential role in determining the nature of the binding of Co 2ϩ to the zinc site. To investigate further the role of His-63, we carried out a similar study of the CuCoSOD derivatives of yH63A and yH63E, non-ALS mutants in which the bridging His-63 was changed to Ala and Glu, respectively (31) . Titration of the apoproteins of both mutants with one equivalent per subunit of Co 2ϩ resulted in low-intensity peaks due to d-d bands of Co 2ϩ , possibly in a five-coordinate geometry ( Fig. 1 F, spectrum d, and G, spectrum d) . In both cases, subsequent addition of one equivalent per subunit of Cu 2ϩ resulted in the appearance of a Cu 2ϩ d-d band at 670 nm and the simultaneous disappearance of the bands due to Co 2ϩ ( Fig. 1 F, spectrum e, and G, spectrum e). The reduction of yH63A did not induce the return of peaks due to Co 2ϩ (Fig. 1F, spectrum f) . By contrast, reduction of Cu II CoH63E resulted in the appearance of a strongly red-shifted tetrahedral Co 2ϩ peak (Fig. 1G,  spectrum f) . Thus CuCoH63E, but not CuCoH63A, behaved similarly to CuCoG85R, presumably because a glutamate side chain can act as a ligand and an alanine cannot.
Effects of pH. The SOD activities and spectroscopic properties of yeast and human WT CuZnSOD and CuCoSOD are invariant with pH over a wide range, i.e., pH 5-9 (32, 33) . Thus the visible and EPR spectroscopic properties of WT CuCoSOD described above are the same at pH 7 as at pH 5.5 (e.g., for yWT; Figs. 1C, spectra d and e, and 2, spectrum a). By contrast, the d-d bands due to Co 2ϩ in yG85R to which one equivalent per subunit each of Cu 2ϩ and Co 2ϩ have been added were markedly pH-dependent (compare Fig. 1D , spectra e and g). Similar behavior was seen for hH46R (compare Fig. 1E , spectra e and g).
Redox Behavior. In addition to the metal-binding properties of the ALS mutant proteins, their redox behavior is also markedly altered. Reduction of 100 M WT human and yeast Cu II ZnSOD in the presence of 3 mM ascorbate, was found to be very slow and was only approximately 65% complete after 2 h. Reduction of yWT Cu II Co SOD by ascorbate was likewise very slow. By contrast, hG93C, hA4V, and yG85R CuZnSOD and yG85R CuCoSOD were completely reduced in less than 30 min. Similar behavior was observed for yWT Cu II ESOD (zinc site empty): complete reduction in less than 10 min.
DISCUSSION
Although none of the mutant CuZnSOD proteins studied had identical metal-binding behavior or redox reactivities, some common patterns did emerge. Most importantly, the ALS proteins studied showed marked differences in their metal binding properties relative to the WT proteins, particularly with respect to the properties of the native zinc site. This defect is likely related to the enzymatic gain of function that is causative in fALS.
One particularly striking type of behavior was seen for the ALS mutant protein yG85R, and similar behavior was seen for the non-ALS mutant yH63E. The apoproteins derived from these two mutants bound one equivalent of Co 2ϩ per subunit, but subsequent addition of one equivalent per subunit of Cu 2ϩ caused the Co 2ϩ to adopt a greatly altered nontetrahedral geometry. The inability of these mutant proteins to bind Co 2ϩ in a tetrahedral geometry in the zinc site was remedied when Cu 2ϩ in the copper sites was reduced to Cu ϩ . I CoSOD, the copper ion becomes three-coordinate, and His-63 is released and thus made available to bind to Co 2ϩ in the zinc site. These conclusions are summarized in Fig. 3 . The carboxylate side chain of Glu-63 appears to substitute for the imidazole side chain of His-63 in allowing tetrahedral binding of Co 2ϩ in yH63E Cu I CoSOD; such behavior is not seen for yH63A, which lacks a liganding amino acid in position 63.
The pH dependence of the CuCo derivatives of yG85R and hH46R are also in sharp contrast to the pH-independent properties of WT CuCoSOD. However, this is not unexpected since a conformational change of the zinc site, resulting in the expulsion of the bound metal ion, has been proposed to occur for bovine CuZnSOD when the pH is lowered to 4.5 (34) . It is thus possible that the ALS mutant proteins are undergoing a similar conformational change in the zinc binding site but at a higher pH.
Another common pattern we have observed for the ALS mutant proteins is the rapid rates of reduction by ascorbate. It has been noted in the past that WT Cu II ZnSOD proteins are reduced remarkably slowly by ascorbate ion and other reducing agents unable to penetrate the active site channel of the enzyme (35) . This slow rate of reduction by ascorbate and other cellular reducing agents may have functional significance since it enhances the specificity of these proteins for reduction by superoxide. It is likely that the rapid rate of reduction by ascorbate is related to the abnormality in zinc site metal binding since the zinc-free derivative yWT Cu II ESOD shows similar behavior (see Results). There is now overwhelming evidence that the effect of the ALS mutations in CuZnSOD is to confer a new and toxic property on this enzyme (3, (5) (6) (7) (8) . One of the most puzzling aspects of this problem is determining how such a diverse set of mutations can result in the same gain of function. Our results demonstrate that this same diverse set of mutations results in similar disruptions of the metal-binding properties of the zinc site. For this reason, we believe that the structural changes that are associated with the altered properties of the zinc site are directly linked to the gain of function.
Multiple hypothetical mechanisms have recently been proposed as possible explanations for the function gained by ALS mutant CuZnSODs (8) . These include (i) alterations in copper or zinc metabolism, (ii) catalysis of tyrosine nitration by peroxynitrite, (iii) catalysis of oxidation by hydrogen peroxide, (iv) alterations in oxidative homeostasis resulting in enhanced apoptosis, and (v) protein aggregation. Each of these mechanisms requires that the mutations cause a marked alteration in the reactivity of the WT enzyme. The structural changes associated with the alterations in the properties of the zinc site could produce such an alteration. For example, a change in the metal binding affinity of the zinc sites will undoubtedly alter the metal binding affinity of the copper site as well (36) , almost certainly affecting copper or zinc metabolism. Moreover, the strict segregation whereby copper binds preferentially to the copper site and zinc to the zinc site may be disrupted resulting in catalytically active copper in the wrong site. The abnormally rapid reduction of the ALS mutant superoxide dismutases may also augment their reactivity as a catalyst of oxidations by hydrogen peroxide, since cellular reducing agent could increase the concentration of the Cu I form and thus enhance its availability for Fenton-type chemistry (4). Interestingly, WT CuESOD also reacts quickly with ascorbate, suggesting a similarity between the ALS mutants and the Zn-deficient derivative. One possibility is that the mutations have decreased the affinity of the site for zinc, which may result in a loosening of the protein structure. Alternatively, they may sever the communication between the two metal sites, which normally limits the reactivity of the copper. Either way, a more open structure could make the copper ion more accessible to alternative substrates and͞or the protein more prone to aggregation and precipitation (36, 37) .
Previous studies have demonstrated that the zinc ion in CuZnSOD plays an important role in both its structure and enzymatic activity. For example, binding of zinc ions to the zinc site of the apoprotein causes the protein to adopt a native-like structure, even in the absence of Cu 2ϩ (38) , and to increase the overall stability of the protein (36) . In addition, removal of zinc ions from WT CuZnSOD to form the zinc-free derivative, Cu II ESOD, causes the SOD activity to become pH dependent (32) .
In conclusion, these current studies have shown that the FALS mutations have dramatically altered both the metal binding and redox behavior of the human and yeast CuZn-SOD. Further investigations are necessary to elucidate the link between the altered physical behavior and the disease itself.
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